The postnatal development of layer VI pyramidal neurons in the cat's striate cortex has been studied by means of intracellular injections of Lucifer yellow in aldehyde-fixed tissue (LYF technique). It is shown that the LYF technique gives results qualitatively and quantitatively similar to results obtained with other techniques (Golgi, marker-injections in viable tissue). Quantitative analysis demonstrated significant increases in soma diameter, number and length of basal dendrites, length of second order apical dendrites and, in particular, in number of spines/unit dendritic length, during the first postnatal month. Maturation of the basal dendritic tree and increase in number of spines continue in the second postnatal month. At later postnatal times soma diameter and number of spines decrease by about 20%. Dendritic varicosities are most frequent during the first postnatal week, and decrease in number steadily from thereon. The late maturation of layer VI pyramidal neurons suggests that these cells might be affected by early peripheral lesions and/or sensory deprivation to which the striate cortex of the cat has been shown to be most susceptible around the end of the first postnatal month.
INTRODUCTION
vide a baseline for further studies of normal neuronal maturation and development under sensory depriva-A wealth of studies has been devoted to physiologtion. A second aim was to demonstrate the suitability ical changes in visual cortical neurons of monkey and of intracellular injections of Lucifer yellow (LY) in cat following peripheral lesions or sensory deprivaaldehyde-fixed tissue (LYF method as) for providing tion (recent reviews, see refs. 29, 36) . In contrast, the quantitative data of neuronal morphology. For this, dendritic and axonal maturation of these neurons unthe LY-injected neurons were compared with neuder deprived conditions has received almost no attenrons impregnated with the Golgi-method. tion with a few notable exceptions 5'3°'36. In the cat's visual cortex normal development has been studied MATERIALS AND METHODS prenatally in pyramidal and other neurons 22 '33 , and postnatally in non-pyramidal neurons 27,46'47. SystemAnimalpreparation atic data on the maturation of pyramidal cells are LY injections were performed in 10 cats ranging in lacking, age from newborn to adulthood. The following postIn this report we present data on the postnatal denatal days (PN) were investigated: 1 (day of birth), 5, velopment of layer VI pyramidal neurons in the cat's 11 (two kittens), 19, 30, 50 (two kittens) and two striate cortex (area 17). Our main goal was to proadult cats. After deeply anaesthetizing the cats with sodium pentobarbitone (Nembutal, 60 mg/kg b. wt.), tation wavelength (Zeiss filter combination (BP) 436 physiological saline containing heparin (Liquemin, nm, (FT) 460 nm and (LO) 470 nm), using the Nikon 25.000 I.U.) was used to rinse the vascular system. ELWD 40× objective, all visible fluorescence from When the washing solution appeared to be clear, the the filled cell had faded and a homogeneous brown perfusion was continued over 20-45 min with 4%
Golgi-like reaction product had been formed. Excess paraformaldehyde in 0.1 M phosphate buffer (PB) DAB was washed out in several rinses with PB, secpH 7.4 containing small amounts of sucrose and pictions were mounted and dried to coverslip. To enrinic acid. The occipital cortexwas removed from the hance the staining contrast, slices were briefly brain and a small piece of tissue was blocked with a stained in a 1% solution of osmium tetroxide in 0.1 M non-toxic glue (Histoacryl) and, without further em-PB pH 7.4 for 2-3 rain. This was followed by dehybedding, serially cut in a frontal plane at 120/~m on a dration in an ascending series of ethanol, clearing in vibratome (Oxford Instruments, U.K.; or Dosaka xylene and embedding in resin. Due to the highly osInstruments, Tokyo, Japan). Pieces of cortex and miophilic nature of the DAB reaction product, phoslices not required for immediate injection were to-oxidized neurons appeared black with only roodstored in 0.1 M PB pH 7.4 in a refrigerator. Prior to erately increased background staining. Cells were reinjection, slices were incubated for 5-10 min in a constructed with the aid of a camera lucida at a mag-I0-13% solution of the DNA-stain 4.6 diamino-2-nification of 800×. These drawings formed the basis phenyl-indol (DAPI, Sigma). This staining procefor the quantitative analysis. A more detailed acdure resulted in brightly fuorescent nuclei which count of the LYF-method has appeared elsewhere 4. provide a clear target for the LY-filled pipette and a Four kittens (at PN 3, 11, 19, 55) were perfused basis for determining the layer VI/white matter borwith a Golgi solution, containing 3.5% potassium dider. Alternate slices were mounted on slides and chromate, 2.5% glutaraldehyde, and 1% chloral hycounterstained with either Nissl or cytochromoxidrate 26. Immediately after perfusion the occipital dase to identify the cortical layers. For dye injection, cortex was dissected from each hemisphere and cut in slices were carefully mounted with a brush on a slide, a frontal plane in 4 or 5 blocks. After immersion beThe tissue was held down by a Millipore filter with a tween 3 and 7 days in the Golgi-solution the blocks window cut slightly smaller than the slice. Small were transferred to 0.75% silver nitrate, for 48 h. pieces of metal were placed on the filter to prevent Thereafter blocks were cut with a razor blade into the slice floating in the injection chamber. Finally, sections approximately 200-300/~m thick, and finally the preparation was placed in a Petri dish containing dehydrated and mounted in soft Epon under cover-0.1 M PB pH 7.4 at room temperature. This arrangeslips. ment was attached to the stage of a microscope. Borosilicate filament pipettes (tip diameter 0.5-1/~m, RESULTS resistance ranging from 90-250 Mf~ measured in 0.1 M PB pH 7.4) filled with a 3-5% aqueous solution of From a total of 250 neurons which were dye-filled LY were aimed to neurons at the layer VI/white matwith LY in 10 cats, 150 pyramidal neurons were seter border. After successfully penetrating a neuron lected for further qualitative and quantitative evaluthrough its cell body, or one of its dendrites, dye was ation. The LYF-technique reveals neurons indistiniontophoretically injected with a constant negative guishable from Golgi-stained material. Dendrites are current of ~<5 nA for 3-5 min. Dye filling of a cell was stained to the very tip (Fig. 1A) , and fine details as judged complete when the fine distal processes also growth-cones (Fig. 1B) , varicosities ( Fig. 1E ) and appeared brightly fluorescent. A modified photodendritic spines (Fig. IB,D) are easily recognized in oxidation protocol 21 was used to transform the fluothe LYF-material. Occasionally hair-like processes rescent dye into a stable Golgi-like reaction product, or spine-like protrusions (Fig. 1C) are detected on Slices with LY-filled cells were preincubated for neuronal somata, especially inyoungerkittens. Prox-5-10 min in 0.1 M PB pH 7.4 containing 1.5 mg/ml diimal portions of axons are well-filled, so that a deciaminobenzidine (DAB) Grade II (Sigma). After sion could be made whether or a not a neuron sends 20-30 min of irradiation of the neuron with LY exciof projection into the underlying white matter. Since more distal portions and terminal parts of axons were horizontally oriented pyramidal neurons the axon only occasionally filled the quantitative analysis will originates from proximal parts of the apical shaft. be restricted to soma and dendritic pattern.
The basal dendrites of mature layer VI neurons disMost varieties of pyramidal neurons as reported in tribute mainly in layer VI and V, and are much more previous Golgi-studies to reside in layer VI of the numerous than apical dendrites. The primary apical cat's visual cortex 9~40 were also detected in the LYFdendrite accompanied by a few second order denmaterial, at all postnatal ages. Of the sample 90% drites usually extends into layer IV; apical tufts as are medium-sized pyramidal neurons which assume typically seen at layer II/III and layer V pyramidal fusiform shapes near the lateral gyrus (Fig. 2B) , a cells were rarely found in our material (Fig. 2H) . The more triangular shape near the bottom of the suprasparsity of distal parts of apical dendrites of layer VI splenial sulcus (Fig. 2D) and 'true' pyramidal shapes pyramidal neurons is evident also in HRP-filled main the medial bank of the lateral gyrus (Fig. 2F) .
terial from intact visual cortex 12'13,25, and in LY-filled Some neurons with one prominent basal dendrite reneurons from in vitro slice preparations 19. Apical semble neurons projecting to the claustrum 19 (Fig. dendrites reaching layer 119'40 were not seen in the 2C). About 10% of our sample includes 'improperly' LYF-material (see below). oriented pyramidal neurons 45, among them horiNeurons at PN 1 and PN 5 have in common short zontally oriented (Fig. 2E ,G) and inverted pyramidal and sparsely branching basal dendrites, short secondcells. Most of these neurons are located close to the ary apical dendrites arising from a relatively long bottom of the suprasplenial sulcus, in sublayer VIb.
main apical stem, and small somata ( Fig. 2A,B) . The Some horizontal neurons have a long apical dendrite density of dendritic spines is extremely low; the few running parallel to the layer VI/white matter border, second and third order dendrites are covered with and a thick basal dendrite ascending obliquely to layvaricosities and bear growth-cones at their tips (Figs. er IV (Fig. 2G) . In other horizontally oriented neu-1B, 2A-E). As can be seen in Fig. 2 the number and rons the apical dendrite runs straight for 200-500 length of basal dendrites, the spine density as well as pm, but then turns into a vertical direction and leaves the soma diameter dramatically increase from birth layer VI (Fig. 2E ). The latter cell type has also been to adulthood. In contrast, growth-cones and varicosiclassified as 'altered' pyramidal neurons 4°. In many ties decrease in their frequency of occurrence and are (2) 15 (1) 15 (1) 20 (2) 20 (2) rarely seen at later postnatal periods. The quantitamost probably due to the fact that the Golgi-materitive analysis of the LYF-material is presented in al contained neurons with apical dendrites and den- Table I . The various parameters evaluated increase dritic arborizations reaching layer II and I: such neuin size after birth and reach a maximum at different rons were not found in the LYF-material. The postnatal ages; from thereon, either no further 250-300-/~m thick Golgi sections thus contain more change, or even a decrease is observed. The mean dendritic processes, in particular at sites distant from soma diameter increases by 65% between PN 1 and the cell body, than the LYF-material sectioned at 120 PN 30, and from thereon decreases by 23% (P < tim (see also Discussion). The number of varicosities/ 0.01). There is a nearly 10-fold increase in the numneuron determined in the Golgi-stained neurons was ber of spines from birth to PN 50, and subsequently a smaller than in the LYF-material, and no reasonable slight but significant reduction by 19% (P < 0.01) to explanation for this discrepancy can be offered at the adulthood. The number of primary basal dendrites moment. Nevertheless, the changes revealed with and the total length of basal dendrites increase until the LYF-technique, namely a slight initial increase PN 19, and PN 30 respectively, and then remain confollowed by a significant decrease at later postnatal stant to adulthood. The number of secondary apical times were also seen in the Golgi-material. dendrites and the total length of apical dendrites inFor a further analysis of postnatal changes we crease until PN 5, and PN 19 respectively, and then, counted the number of intersections of dendrites with after some variations, decrease. A time course somea series of concentric circles evenly spaced at 20 #m what different from that described so far was seen for intervals centered around the cell body and the humthe dendritic varicosities, which have been recogber of dendritic branchings found between succesive nized as a typical feature of developing dendrites as.
circles Hg. The results are summarized in Fig. 3 . The Varicosities are frequent at birth, reach a maximum number of intersections of basal dendrites 30/~m-at PN 5 and from thereon substantially decrease in 150 ktm distant from the soma increases 2-3-fold benumber to adulthood, tween PN 1 and PN 11, and a further increase of 10% For the sake of comparison with the LYF-material, to 25% is noted until PN 30, 30-90 ktm distant from 80 neurons which appeared to be completely stained the soma. The maximal number of intersections is lowere selected from the Golgi material. The quantitacared 30/~m distant from the soma at PN 1 and shifts rive analysis of these neurons concerned mean numto 50-70 pm at later postnatal ages. A 2-4-fold inber of spines/neuron and mean number of varicosicrease is seen for the number of branchings of basal ties/neuron and the results are summarized in Table  dendrites measured between successive circles. This II. Interestingly, the total number of spines is nearly increase occurs 30-70 um distant from the soma bethe same until PN 11; at PN 19 and around PN 50 the tween PN 1 and PN 11, and 30 rum distant from the number of spines is higher in Golgi-stained neurons soma between PN 11 and PN 30. The increase in den-(by 28%, and 14% respectively). This difference is dritic branching is the main reason for the increase in the number of intersections at distances up to 50-70 DISCUSSION #m from the soma. Further distant from the soma, however, an increase in both branching and length of The types of layer VI pyramidal neurons seen in individual dendrites contributes to the increase in the LYF-material resemble those described in presize of the basal dendritic tree. Increase in length is vious studies, using the Golgi technique 6'9'4°, or intraalso demonstrated by the fact that the proportion of cellular injection of marker substances in in vivo tisthe second and third order basal dendrites 20-40/~m sue 12'19. The most frequently occurring type were long decreases from 81% at PN 1 to 35% at PN 11, medium-sized pyramidal neurons 4° which assumed and 31% at PN 19; on the other hand the proportion fusiform morphology in convex parts of the lateral of dendrites 60-80/~m long increases from zero at PN gyrus and a more triangular form near, or within, the 1 to 16% at PN 11, and 23% at PN 19. suprasplenial sulcus. We have also filled 'altered' pyThe number of intersections of the apical dendrite ramidal neurons 4°, 'improperly' oriented cells 45 as 50-130/~m distant from the soma increases, from PN well as horizontally oriented pyramidal neurons with 1 to PN 11, and remains constant thereafter. A small, an ascending basal dendrite. Almost all neurons had unsignificant increase was noted 130-190/~m away an axon or an axon collateral descending into adjafrom the soma. Since the number of branchings of the cent white matter. This observation does not prove, apical dendrites did not change, the increase in interhowever, that these neurons are projection neurons sections must be caused solely by an increase in since some intracortically projecting pyramidal neulength of individual secondary dendritic branches, rons have also been shown to possess an axon pro-jecting to and ending within the white matter 19. crease in mean length of basal dendrites (see Table I ) The extent and complexity of the basal dendritic and basal dendritic branching, as well as with an infield of mature layer VI pyramidal neurons, as seen crease in spine density (see Table I ). One may specuin the LYF-material, is nearly the same as that relate that dendritic varicosities contain material, such ported for an in vitro slice preparation jg. In the latter as microfilaments, that promotes the growth of denstudy, the maximum in the number of intersections drites rather than dendritic spines. This suggestion with a series of concentric circles was found at about receives some support from the observation that the 60/am from the soma and numbered 14 for the LGN primary apical dendrite never contained a dendritic projection neurons, and about 19 for neurons provaricosity, although the spine density increased conjecting to the claustrum; in the LYF-material a maxisiderably; in addition, spine density increases signifimum number of sixteen intersections was counted 50 cantly between PN 30 and PN 50 --during this time /am from the soma. Basal dendrites extended up to the density of varicosities has decreased by one order 270/am in the LYF-material, and up to 240/am (LGN of magnitude --and nearly no further significant projection neurons), and 400/am respectively (clausgrowth of basal dendrites could be observed. trum projection neurons) in the in vitro slice prepara-
The time-lag between dendritic branching and the tion. The maximum number of intersections (about increase in dendritic length is most clearly seen for 6) of apical dendrites in the concentric ring analysis is the apical dendrites. Here the increase in the number the same for both techniques. A difference is apparof intersections between PN 1 and PN 11, seen in the ent, however, in the extent of the apical dendritic concentric ring analysis, is almost exclusively due to field; in the in vitro slice preparation, on average two an increase in the length of individual dendrites since intersections were counted 400/am distant from the there is no clear increase in the number of branches soma, whereas in the LYF-material the average during that time. Basal dendrites stop branching number of intersections 250 /am distant from the from PN 11 on, at distances of 50/am or more from soma is one and drops to zero at 310/am. This differthe soma. Since, at later postnatal times, 80% of secence can most readily be explained by section thickond and third order dendrites are shorter than 60/am hess of the LYF-material, which was 400/am in the in and about one third shorter than 40/am, the increase vitro slice study and 120/am in the LYF-study. The in the number of intersections after PN 11 should be limited section thickness of the LYF-material might accountable by the increase in dendritic length, rathalso explain why we did not fill a cell with an apical er than by the increase in dendritic branching. dendrite reaching layer 11 or I, as typically seen for Our findings agree with earlier studies on the postneurons projecting to the claustrum ~9. A few neurons natal dendritic maturation of pyramidal neurons in were found, however, in which the main apical denthe striate cortex of the human 1~, the macaque mondrite was cut off within layer IV. Loss of apical denkey (layer III and upper VI) 2"20, rabbit (layer V) 24 drites of deep layer pyramidal neurons in superfical and rat (layer II/III and V) 17 '18"28"32 , which report a layers has also been reported in Golgi-material secsignificant increase in length and number of basal tioned at 100/am 17. dendrites. Differential phasing of morphological feaThe changes in morphological parameters defined tures, as seen in our study, has recently been rein our study proceed at different rates. Firstly, the ported for layer V pyramidal neurons in the rat's neonumber of dendritic varicosities peaks much earlier cortex 32. In this case, formation of primary basal den-(about PN 5) than all other parameters; secondly, drites stops early (around PN 10). Subsequently, growth of dendrites seems to continue for longer dendritic branching reaches a plateau around PN 20, times postnatally than dendritic branching. Dendritic whereas the length of basal dendrites continues to invaricosities occur most frequently between PN 1 and crease to later postnatal dates and even to adulthood. PN 19; at PN 30 they have declined by a factor of The decrease in complexity of dendritic trees, occurmore than 10 when compared to their maximal denring during later postnatal periods in the monkey 2 has sity at PN 5 (see Table I ). It is interesting that the not been seen in our material. highest density of dendritic varicosities (between PN The significant increase in soma diameter has also 1 and PN 11) is correlated in time with a steep inbeen reported for layer V pyramidal neurons of the cat's striate cortex 41 and for layer II/III and layer V might contribute to the decrease of synaptic density pyramidal cells in species other than the cat 2°'24'2s.
in other layers of the cortex as well 34'48. The slight reduction in soma size which was observed Our data show that the maturation of layer VI pyat later postnatal times in the cat, was also reported ramidal cells in the cat's striate cortex continues durin the monkey 2°.
ing the critical period which peaks between PN 30 The enormous increase in spine density after birth, and 40 (ref. 31) . Besides altering thalamic input 15'36 occurring at both apical and basal dendrites of layer peripheral lesions and sensory deprivation might also VI pyramidal neurons is a common feature of the therefore affect intracortical neuronal circuits in postnatal maturation of all pyramidal neurons studwhich layer VI pyramidal neurons participate 25. A ied so far 2'6'7'16-18'20'23"24'28'30'49. The increase in the retardation in the maturation of axons and dendritic number of spines correlates well with the increase in spines, as well as reorientation of dendrites in immathe density of axo-spinous, asymmetric synapses, the ture visual and somatosensory cortex, have been remost frequent type of synapses in cat's visual cortex, ported following early manipulations of peripheral as seen in an EM study of cat's striate cortex as. Since input 3'5'8'10A1'14'30'32'35'37'39'42-44. In fact, binocular octhis study demonstrated a further increase in synaptic clusion has been shown to delay the maturation of density between PN 40 and PN 70, the maximum asymmetric axo-dendritic synapses in the deeper layspine density might be somewhat higher than found er of cat's striate cortex 29'48. in our study. A decrease in the density of spines, after the second postnatal month, has also been observed in a Golgi study of the striate cortex of rhesus mon
